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Background: The mechanisms whereby �5�1 integrin triggers osteogenesis are poorly understood.
Results: CRRETAWAC-mediated �5�1 integrin priming promotes osteoblast differentiation via PI3K/Wnt/�-catenin signal-
ing independently of the RGD-like REET sequence. Systemic delivery of the �5�1 integrin-priming peptide improved long bone
microarchitecture in senescent osteopenic mice.
Conclusion: Wnt signaling mediates osteoblast differentiation induced by peptide-mediated �5�1 integrin priming.
Significance: A novel mechanism underlying �5�1 integrin-mediated osteoblast differentiation is provided.

The �5�1 integrin is a key fibronectin (FN) receptor that
binds to RGD-containing peptides to mediate cell adhesion. We
previously reported that �5�1 integrin promotes osteogenic
differentiation in mesenchymal skeletal cells (MSCs), but the
underlying mechanisms are not fully understood. In this study,
we determined the signaling mechanisms induced by �5�1
integrin interaction with its high-affinity ligand CRRETAWAC
in murine and human MSCs and in vivo. We show that cyclized
CRRETAWAC fully displaced MSC adhesion to FN, whereas
related peptides lacking the full RRET sequence produced a par-
tial displacement, indicating that RRET acts as an RGD-like
sequence that is required to antagonize FN-mediated cell adhe-
sion. However, all peptides increased focal adhesion kinase
phosphorylation, OSE2 transcriptional activity, osteoblast gene
expression, and matrix mineralization in MSCs, indicating that
peptide-induced �5�1 integrin priming can promote osteo-
genic differentiation independently of the RRET sequence. Bio-
chemical analyses showed that peptide-induced �5�1 integrin
priming transiently increased PI3K/Akt phosphorylation and pro-
moted Wnt/�-catenin transcriptional activity independently of
RRET. Consistently, pharmacological inhibition of PI3K activity
reduced osteoblast differentiation and abolished Wnt regulatory
gene expression induced by �5�1 integrin priming. In vivo, sys-
temic delivery of cyclized GACRETAWACGA linked to (DSS)6 to
allow delivery to bone-forming sites for 6 weeks increased serum
osteocalcin levels and improved long bone mass and micro-
architecture in SAMP-6 senescent osteopenic mice. The
results support a mechanism whereby �5�1 integrin priming
by high-affinity ligands integrates Wnt/�-catenin signaling
to promote osteoblast differentiation independently of cell

adhesion, which could be used to improve bone mass and
microarchitecture in the aging skeleton.

The maintenance of bone mass in adults involves the balance
between bone resorption by osteoclasts and bone formation by
osteoblasts (1). With aging, bone formation declines due to
decreased osteoblast recruitment, function, and life span (2, 3).
One important issue to prevent age-related bone loss is to iden-
tify tools to promote osteogenesis (4, 5). Bone-forming cells
derive from mesenchymal skeletal cells (MSCs)2 that differen-
tiate into osteoblasts under the control of multiple mechanisms
(6). Osteoblast differentiation is characterized by expression of
the osteoblast transcription factor RUNX2 and downstream
osteoblast markers, such as alkaline phosphatase, and is typified
by type I collagen (Col1A1), extracellular matrix (ECM) synthe-
sis, and mineralization (7). Cell/ECM interactions involve
integrins, a family of transmembrane ��-heterodimer adhesion
molecules (8, 9) that convey signals to and from the cytosol
across the plasma membrane (10, 11). Integrin binding to the
ECM leads to the recruitment and phosphorylation of focal
adhesion kinase (FAK) and activation of several kinases (12–
14). In bone, the ECM plays an important role in osteoblast
function (15–17). Specifically, ECM/integrin interaction leads
to activation of the MAPKs ERK1 and ERK2, resulting in
increased RUNX2 phosphorylation and expression of osteo-
blast-specific genes (18, 19). Although osteoblasts express sev-
eral integrins in vitro, few of them have been shown to play an
essential role in bone formation in vivo (20). The �5�1 integrin,
a cell-surface receptor for fibronectin (FN), controls osteoblast
adhesion (21) and survival (15, 22, 23) and plays a critical role in
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MSC osteogenic differentiation and bone formation and repair
(24 –26). However, the molecular mechanisms whereby �5�1
integrin promotes osteogenic differentiation are not fully
understood. The �5�1 integrin recognizes and binds RGD, a
sequence that mediates cell adhesion on FN (27). A peptide
ligand with high affinity for �5�1 integrin (CRRETAWAC) was
found to act as a direct competitive inhibitor of RGD binding to
�5�1 integrin (28 –30). We previously showed that priming
�5�1 integrin with CRRETAWAC is able to trigger MSC osteo-
genic differentiation in vitro and to promote osteogenesis in
vivo (24, 26). The peptide is known to fit in the binding site of
�5�1 integrin and is believed to interact with an overlapping
binding site for RGD in the �5 integrin subunit propeller
domain (29 –31). However, how the peptide primes �5�1 integ-
rin is unknown. In particular, whether the RRET sequence,
which plays a similar role in cell adhesion as RGD (29), is
required for �5�1 integrin-mediated osteogenic differentiation
has not been determined.

The signaling pathways involved in �5�1 integrin-mediated
osteogenesis are not fully understood. We previously reported
that MSC osteoblast differentiation mediated by �5�1 integrin
in part involves activation of FAK/ERK1/ERK2, PI3K (24), and
IGF2/IGFBP2 (32) signaling, suggesting that several pathways
may mediate the effect of the integrin. In bone, Wnt signaling is
an important pathway that regulates osteoblastogenesis (33,
34). Binding of canonical Wnt proteins to Frizzled receptors
and LDL5 and LDL6 co-receptors leads to the inhibition of
glycogen synthase kinase-3� (GSK-3�), decreased degradation
of �-catenin, and its translocation into the nucleus, where it
interacts with the T-cell factor/lymphoid enhancer factor
(TCF/LEF) transcription factor to activate the expression of
Wnt target genes (35). In osteoblast precursor cells, activation
of Wnt/�-catenin signaling increases the expression of pheno-
typic osteoblast genes (36). Several mechanisms may link integ-
rins to Wnt signaling. Notably, ligand binding to integrins may
activate integrin-linked kinase (37), resulting in GSK-3� inac-
tivation (38) and �-catenin/LEF transcriptional activity (39,
40). Consistently, integrin-linked kinase knockdown was found
to reduce �-catenin/TCF/LEF-dependent transcription in
osteoblastic cells (41, 42). In addition, integrin-mediated FAK
activation may lead to PI3K/Akt activation and subsequent
GSK-3� inhibition (43, 44). Whether �5�1 integrin activation
can be linked to Wnt/�-catenin signaling to control osteoblas-
togenesis has not been determined.

In this study, we report a novel mechanism by which priming
of �5�1 integrin in MSCs promotes osteoblast differentiation
through activation of PI3K/Akt and Wnt/�-catenin signaling, a
model that can translate into improved bone microarchitecture
in senescent osteopenic mice.

EXPERIMENTAL PROCEDURES

Cells—Murine pluripotent mesenchymal C3H10T1/2 cells
were obtained from American Type Culture Collection
(Manassas, VA). Human primary MSCs derived from the bone
marrow stroma were purchased from PromoCell (Heidelberg,
Germany). Cells were cultured in DMEM (Invitrogen) supple-
mented with 10% heat-inactivated FCS, 1% L-glutamine, and

penicillin/streptomycin. Wnt3a-conditioned medium (CM)
was prepared as described previously (45).

Oligopeptides—CRRETAWAC interacts specifically with
�5�1 integrin with high affinity and is a potent inhibitor of
�5�1 integrin-mediated cell attachment to FN (29, 30). To
determine the role of the RRET sequence, we used the related
peptides CRRTAWAC and CRETAWAC, which lack the full
RRET sequence. All peptides were synthesized and flanked
by GA residues next to cysteines (GACRRETAWACGA,
GACRRTAWACGA, and GACRETAWACGA) to allow for
cyclization and stability (26). For the in vivo study, a selected
cyclized peptide (GACRETAWACGA) was linked to six repet-
itive sequences of aspartate, serine, and serine ((DSS)6) to allow
specific delivery to bone-forming sites (46). The corresponding
cyclic peptide ((DSS)6-GACRETAWACGA) and the inactive
control peptide ((DSS)6)-GREGSP) used as control (24) were
synthesized on a CEM Liberty1 peptide synthesizer using
standard automated continuous-flow solid-phase peptide syn-
thesis methods. The completed peptides were cleaved from the
resin and side chain-deprotected by treatment with the scaven-
gers water/triisopropylsilane/dithiothreitol/phenol/trifluoro-
acetic acid (2.5:2.5:2.5:2.5:90, v/v/w/w/v) for 30 min under
microwave radiation (Discover; temperature, 38 °C; power, 20
watts). The cyclization of (DSS)6-GACRETAWACGA was per-
formed for 24 h at room temperature in water/acetonitrile/
trifluoroacetic acid (50:50:0.1) with 1.2 eq of Aldrithiol-4 (Sig-
ma-Aldrich) under conditions of high dilution (1.10�4 M) to
avoid formation of the corresponding dimeric cyclopeptide.
The corresponding cyclic peptide and (DSS)6-GRGESP were
purified by reverse-phase HPLC using a Shimadzu preparative
HPLC system with a reverse-phase HPLC column (Phenome-
nex C12 Jupiter Proteo, 90 Å, 21.2 � 250 mm) with mixture of
aqueous 0.1% (v/v) TFA (system A) and 0.1% (v/v) TFA in ace-
tonitrile (system B) as the mobile phase (flow rate of 15 ml/min)
and employing UV detection at 220 nm. Characterizations of
the peptides were performed by mass spectrometry on a Q-Tof
Ultima GLOBAL hybrid quadrupole time-of-flight instrument.
The predicted and observed high-resolution masses for (DSS)6-
GRGESP (C83H129N27O52) were 2336.8358 and 2336.7764 Da,
respectively. The predicted and observed high-resolution
masses for (DSS)6-GACRETAWACGA (C108H162N34O58S2)
were 2928.0292 and 2928.0332 Da, respectively.

Cell Adhesion—To determine cell adhesion in response to
the peptides, human (hMSCs) and mouse (mMSCs) MSCs were
resuspended in DMEM and 0.5% BSA and incubated with cy-
clized peptides or a specific anti-�5�1 integrin antibody (40
�g/ml; MAB1969, Millipore) for 30 min at 4 °C. Cell adhesion
to a plate coated with 20 �g/ml human FN for 90 min at 37 °C
and washed with 1% BSA was tested after 10 min at 37 °C. The
plates were washed twice with DMEM, and cells were fixed with
4% paraformaldehyde and quantified using the crystal violet
assay (Sigma).

FAK Assay—hMSCs and mMSCs were grown to 80% conflu-
ence, serum-starved for 4 h, treated for 30 min with 50 ng/ml
PDGF (used as a positive control; R&D Systems) or the indi-
cated peptide (70 �M), and fixed. Total and phosphorylated
(Tyr-397) FAK levels were determined by ELISA (FACE FAK
assay, Active Motif, La Hulpe, Belgium).
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Transfections and Luciferase Activity—To test RUNX2 tran-
scriptional activity, mMSCs were cotransfected with 0.3
�g/well p6OSE-Luc (a luciferase expression plasmid contain-
ing six RUNX2-binding sites), pControl-Luc plasmid (a lucifer-
ase expression plasmid without RUNX2 binding used as a con-
trol), or phRL-SV40 (a Renilla expression plasmid without a
RUNX2-binding site used as an internal transfection control).
Twenty-four hours after transfection, cells were treated with 70
�M peptides or 100 ng/ml BMP2 (bone morphogenetic pro-
tein-2; used as a positive control; R&D Systems) for 24 h, and
luciferase and Renilla activities were determined sequentially
using a Renilla luciferase reporter assay system (Promega).
Luciferase activity was normalized to Renilla activity to avoid
transfection variability and to pControl-Luc to normalize the
luciferase background. Results are expressed as relative lucifer-
ase units. For the TOPFlash luciferase reporter assays, cells
were cotransfected with 0.3 �g/well TOPFlash or FOPFlash
and 10 ng/well phRL-SV40, and CM was used as a positive
control (47).

Differentiation Assays—For in vitro osteogenic assay, the cell
culture medium was supplemented with 50 �g/ml ascorbic acid
and 3 mM Pi to allow matrix synthesis and mineralization (48).
After 18 days of treatment with the indicated peptide (70 �M),
cells were fixed in 70% ethanol at 4 °C. Matrix mineralization
was evaluated by Alizarin Red staining and microphotographed
using an Olympus microscope (48).

Western Blot Analysis—Murine cells were treated with the
indicated peptide (70 �M) for 5 min or 24 h, and cell lysates were
prepared as described (47). Protein concentrations were mea-
sured using a DC protein assay (Bio-Rad). Equal aliquots of cell
lysates were resolved by 10% SDS-PAGE. Western blotting was
performed using specific primary antibodies against total or
phosphorylated PI3K and Akt (1:1000 dilution; Cell Signaling
Technology). Relative levels are expressed as a ratio of treated
to control.

RNA Extraction and Quantitative RT-PCR Analysis—
mMSCs were treated with the indicated peptide (70 �M) in the
presence of 10 �M wortmannin (Sigma) at the indicated time
points, and total RNA was isolated using TRIzol reagent (Euro-
bio, Les Ulis, France). Three �g of total RNA from each samples
were reverse-transcribed using the a high-capacity cDNA
reverse transcription kit (Applied Biosystems) in a total volume
of 30 �l at 37 °C for 2 h. Relative mRNA levels were evaluated by
quantitative PCR (LightCycler, Roche Applied Science) using a
SYBR Green PCR kit (ABgene, Courtaboeuf, France) and spe-
cific primers (24, 47, 49). Signals were normalized to hypoxan-
thine phosphoribosyltransferase as an internal control. The rel-
ative amount of RNA was calculated using the 2���Ct method.

Animals and Treatments—A pilot study was conducted to
investigate whether the observed effects of peptide-medi-
ated �5�1 integrin priming in vitro translate to beneficial
effects in vivo. Toward this goal, one cyclized peptide
(GACRETAWACGA) selected based on its osteogenic poten-
tial on mMSCs was linked to (DSS)6 to allow specific delivery to
bone-forming sites in vivo (46). The compound was adminis-
tered to SAMP-6 osteopenic senescent mice, an established
model of age-related bone loss associated with decreased bone
formation (50, 51). Nine-week-old SAMP-6 mice (Harlan Lab-

oratories) were injected in the tail vein with purified cyclized
(DSS)6-GACRETAWACGA or the inactive control peptide
((DSS)6)-GREGSP) at 760 nmol/kg of body weight/day for 5
days/week. Body weight was recorded every week. After 6
weeks, mice were killed by ketamine/xylazine injection, and
blood samples were collected for determination of bone forma-
tion parameters. The main soft tissue organs (livers and kid-
neys) were collected and weighted. The femurs were
removed for microstructure histomorphometric analysis.
The protocol was conducted according to the guidelines of
the local ethics committee (CEEALV/2011.11.01).

Histomorphometric Analysis—Femurs were embedded unde-
calcified in methyl methacrylate, and 5-�m sections were stained
with Aniline Blue to analyze structural parameters (bone vol-
ume and trabecular number, thickness, and separation) as
described (47).

Procollagen Type 1 N-terminal Propeptide (P1NP) and
Osteocalcin Analysis—The serum levels of P1NP (IDS, Paris,
France) and osteocalcin (Tecomedical, Rambouillet, France),
which are established markers of bone formation, were deter-
mined by ELISA.

Statistical Analysis—Data are presented as the mean � S.D.
of repeated experiments with 3–12 replicates (in vitro), or data
were obtained from seven mice per group. The data were ana-
lyzed using one-way analysis of variance or Student’s t test, and
a minimal level of p � 0.05 was considered significant.

RESULTS

RRET-dependent MSC Adhesion on FN—We first deter-
mined whether RGD and RRET in CRRETAWAC play equiva-
lent roles in MSC adhesion on FN. Toward this goal, we used an
optimal dose of the peptide that maximally binds to �5�1 integ-
rin and fully inhibits �5�1 integrin-mediated cell attachment to
FN (29). As expected, cell adhesion was fully abolished by the
anti-�5�1 integrin antibody MAB1969 (Fig. 1A). Cell incuba-
tion with cyclized CRRETAWAC abolished hMSC adhesion on
FN, indicating that the recognition of RGD in FN by �5�1
integrin was blocked by cyclized CRRETAWAC, which is con-
sistent with its effect in fibroblasts (29). Interestingly, cyclized
peptides lacking the full RRET sequence partially displaced
adhesion on FN in both hMSCs (Fig. 1B) and mMSCs (Fig. 1C)
at the same dosage. These results indicate that the RRET
sequence acts as an RGD-like sequence that is required for
CRRETAWAC to fully antagonize FN-mediated cell adhesion
in MSCs.

�5�1 Integrin-mediated FAK Signaling in MSCs Is RRET-
independent—Because the RGD sequence is believed to mediate
cell signaling triggered by �5�1 integrin in fibroblasts (29), we
next determined the importance of the RGD-like RRET
sequence in cell signaling induced by �5�1 integrin priming
in MSCs. Biochemical determination of FAK activity mea-
sured at FAK Tyr-397 showed that cyclized CRRETAWAC,
CRRTAWAC, and CRETAWAC increased phospho-FAK lev-
els in hMSCs with no significant difference between peptides
(Fig. 2A). All peptides also similarly increased phospho-FAK
levels in mMSCs (Fig. 2B), confirming the data in hMSCs.
Although the amplitude of the FAK response to the peptides
was modest in mMSCs, the increase in FAK in these cells was
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close to that induced by PDGF, which was used as a positive
control. The amplitude of the FAK response to the peptides is
also consistent with the reported increase in FAK activity dur-
ing osteoblast differentiation (52, 53). The finding that all pep-
tides increased FAK levels in MSCs indicates that the full RRET
sequence is not required for FAK activation evoked by peptide-
induced �5�1 integrin priming in MSCs.

�5�1 Integrin-induced Osteogenic Differentiation in MSCs Is
RRET-independent—We next determined the importance of
the RRET sequence in the molecular mechanisms that drive
osteogenic differentiation in mMSCs. Toward this goal, we ana-
lyzed RUNX2 transcriptional activity, which is directed by

RUNX2 phosphorylation and RUNX2 binding to OSE2
sequences in the promoters of target genes (54). As shown in
Fig. 2C, all cyclized peptides increased OSE2 transcriptional
activity to a similar extent as the positive control BMP2 in
mMSCs. Consistent with this finding, cyclized peptides lacking
the full RRET sequence increased Runx2 and alkaline phospha-
tase mRNA levels in mMSCs with no significant difference
between peptides (Fig. 3, A and B). This indicates that the high-
affinity ligand CRRETAWAC up-regulates RUNX2 transcrip-
tional activity and osteoblast gene expression in mMSCs inde-

FIGURE 1. The RGD-like RRET sequence mediates MSC adhesion to FN.
hMSCs (A and B) and mMSCs (C) were incubated with cyclized peptides
(GACRRETAWACGA, GACRRTAWACGA, or GACRETAWACGA, used at the opti-
mal dosage of 70 �M) that fully inhibit �5�1 integrin-mediated cell attach-
ment to FN (29) or anti-�5�1 integrin antibody MAB1969 (used as a control),
and cell adhesion to FN was determined after 10 min. Data are the mean �
S.D. *, significant difference (p � 0.05).

FIGURE 2. RRET-independent, peptide-mediated �5�1 integrin priming
increases FAK signaling and OSE2 transcription in MSCs. Biochemical analy-
sis showed that cyclized peptides (GACRRETAWACGA, GACRRTAWACGA, or
GACRETAWACGA, 70 �M) increased FAK phosphorylation at Tyr-397 in hMSCs
(A) and mMSCs (B and C). In this assay, PDGF (50 ng/ml) was used as a positive
control. Transcriptional assay in mMSCs showed that OSE2 transcriptional
activity was increased by the cyclized peptides lacking the full RGD-like RRET
sequence. BMP2 (100 ng/ml) was used as a positive control. Data are the
mean � S.D. *, significant difference compared with control cells (p � 0.05).
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pendently of the full RRET sequence. We also determined the
functional role of the RRET sequence in matrix mineralization,
a hallmark of mature osteoblasts. We found that cyclized pep-
tides lacking the full RRET sequence increased matrix mineral-
ization in mMSCs in long-term cultures (Fig. 3C). Similar
effects were observed in hMSCs (Fig. 3D). Taken together, the
data indicate that �5�1 integrin priming by the high-affinity
ligand CRRETAWAC activates FAK and promotes RUNX2
transcriptional activity, RUNX2-dependent osteoblast gene
expression, and matrix mineralization in MSCs independently
of the full RRET sequence.

Peptide-induced �5�1 Integrin Priming Promotes Wnt/�-
Catenin Signaling in MSCs—We next determined whether
peptide-mediated �5�1 integrin priming interacts with Wnt/
�-catenin signaling by determining �-catenin transcriptional
activity in MSCs. As expected (35), activation of the canonical
Wnt/�-catenin signaling by CM increased TCF/LEF transcrip-
tional activity in mMSCs and hMSCs (Fig. 4, A and B). We
found that both cyclized CRRETAWAC and peptides lacking
the full RRET sequence increased �-catenin transcriptional
activity in mMSCs and hMSCs with no significant difference
between peptides (Fig. 4, A and B). In hMSCs, the amplitude of
the response to the cyclized peptides was similar to that to CM
(Fig. 4B), whereas in mMSCs, the response to the peptides was
moderate compared with the huge effect of CM (Fig. 4A). Over-
all, the results indicate that the Wnt/�-catenin transcriptional

activity is significantly activated by peptide-mediated �5�1 integ-
rin priming independently of the RGD-like RRET sequence.

�5�1 Integrin Priming Integrates Wnt Signaling to Promote
MSC Osteoblast Differentiation—We then determined the sig-
naling pathway underlying Wnt/�-catenin signaling activation
by peptide-mediated �5�1 integrin priming in mMSCs. We
focused on PI3K/Akt activity, which negatively regulates
GSK-3� activity, leading to inhibition of �-catenin phosphory-
lation (55). Western blot analysis showed that both cyclized
CRRETAWAC and cyclized peptides lacking the full RRET
sequence greatly increased phospho-PI3K and phospho-Akt
levels in mMSCs compared with controls (Fig. 5, A and B). This
effect was transient and was not observed at 24 h. In contrast,
CM used as a positive control continuously increased phospho-
PI3K and phospho-Akt levels for up to 24 h. These results indi-
cate that �5�1 integrin priming transiently activates PI3K/Akt
activity in mMSCs independently of the RRET sequence.

We next determined the functional role of PI3K signaling
induced by peptides lacking the full RRET sequence. Toward
this goal, mMSCs were treated with �5�1 integrin-priming
peptides in the presence of a pharmacological PI3K inhibitor
used at a dose that efficiently inhibits PI3K activity in osteoblas-
tic cells (56). As shown in Fig. 6A, pharmacological PI3K inhibition
attenuated alkaline phosphatase gene expression induced by the
cyclized peptides lacking the full RRET sequence, suggesting that
PI3K signaling is involved in MSC differentiation induced by

FIGURE 3. Peptide-induced �5�1 integrin priming evokes RRET-independent osteogenic differentiation in MSCs. Quantitative PCR analysis showed that
cyclized peptides lacking the full RRET sequence (GACRRTAWACGA or GACRETAWACGA, 70 �M) increased the expression of osteoblast marker genes in mMSCs
(A and B). Consistently, the peptides increased in vitro matrix mineralization compared with control cells and cells cultured in ascorbic acid (AA) and Pi alone as
shown by Alizarin Red staining at 18 days of culture in both mMSCs (C) and hMSCs (D). Data are the mean � S.D. *, significant difference compared with controls
(p � 0.05).
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peptide-mediated �5�1 integrin priming. To further determine
the functional role of Wnt/�-catenin signaling downstream of
PI3K activation, we analyzed the expression of Wnt regulatory
genes. We focused on Dkk1 (Dickkopf 1), a direct target of
canonical Wnt signaling, and Sfrp1 (secreted Frizzled-related
protein 1), which is a Wnt modulator (57–59). Interestingly,
�5�1 integrin priming by peptides lacking the RRET sequence
increased the expression of both Dkk1 and Sfrp1, and this effect
was abolished by PI3K inhibition (Fig. 6, B and C). These data
suggest a role for PI3K signaling in activation of these Wnt
regulatory genes by peptide-mediated �5�1 integrin priming in
MSCs.

Peptide-mediated �5�1 Integrin Priming Improves Bone
Microstructure in Senescent Osteopenic Mice—We next per-
formed a pilot study in vivo to test whether the effects of �5�1
integrin-priming peptides observed in vitro translate into ben-
eficial effects in SAMP-6 senescent osteopenic mice, a model of
skeletal aging characterized by decreased bone mass and
altered microstructure (50, 51). Toward this goal, we selected
the cyclized CRETAWAC peptide, the most effective peptide in
promoting osteogenesis in mMSCs in vitro (Fig. 3C), and linked
the peptide to (DSS)6 to ensure in vivo delivery at active bone-
forming sites (46). We chose (DSS)6 as a ligand for the cyclized
peptides because it has the potential to selectively bind to
bone-forming surfaces rather than to bone-resorbing sur-

faces in vivo (46). We found that systemic delivery of (DSS)6-
GACRETAWACGA tended to increase serum P1NP levels and
significantly increased osteocalcin levels compared with the
inactive peptide (DSS)6-GREGSP(Fig. 7, A and B), suggesting
increased osteoblast differentiation rather than function.
Interestingly, systemic delivery of (DSS)6-GACRETAWACGA
resulted in a 20% increase in trabecular bone volume in femurs
compared with the control peptide (Fig. 7C). This effect was
associated with increased trabecular number and decreased
trabecular separation with no change in trabecular thickness
(Fig. 7, D–F). The administration of the compound had no
effect on body weight or soft tissue organs (data not shown),
suggesting that there was no deleterious effect of the peptides in
these mice. These results suggest that systemic delivery of an
�5�1 integrin priming-peptide in osteoblasts can lead to
improved bone mass and microarchitecture in senescent
osteopenic mice.

FIGURE 4. Peptide-induced �5�1 integrin priming enhances �-cat-
enin transcriptional activity in MSCs. mMSCs (A) and hMSCs (B) were
treated with cyclized peptides (GACRRETAWACGA, GACRRTAWACGA, or
GACRETAWACGA, 70 �M) or CM (used as a positive control), and TCF/LEF
transcriptional activity was determined. Data are the mean � S.D. *, signifi-
cant difference compared with controls (p � 0.05).

FIGURE 5. �5�1 integrin-priming peptides transiently activate PI3K and
Akt signaling in MSCs. mMSCs were treated with cyclized peptides
(GACRRETAWACGA, GACRRTAWACGA, or GACRETAWACGA, 70 �M) or CM
(used as a positive control) for 5 min or 24 h. Western blot analysis and quan-
tification of blots showed that all peptides transiently increased phosphory-
lated (p) PI3K (A) and Akt (B) levels compared with control cells. Relative levels
are expressed as a ratio of treated to control after correction to the total levels
of PI3K and Akt.
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Taken together, the data indicate that CRRETAWAC-in-
duced �5�1 integrin priming promotes mesenchymal cell
osteogenic differentiation independently of cell adhesion medi-
ated by the RGD-like RRET sequence through activation of
PI3K/Akt/Wnt/�-catenin signaling and that treatment with an
�5�1 integrin-priming peptide can improve bone microarchi-
tecture and bone mass in senescent osteopenic mice (Fig. 8).

DISCUSSION

The molecular mechanisms by which integrins control
osteogenic differentiation are not fully understood. Here, we

report a novel signaling mechanism whereby �5�1 integrin
priming promotes osteogenic differentiation in MSCs. We used
CRRETAWAC as a tool to prime �5�1 integrin because this
high-affinity ligand interacts specifically with �5�1 integrin
(29, 30). CRRETAWAC and RGD were found to compete with
each other for binding to �5�1 integrin in fibroblasts, but the
respective binding sites for RGD and RRETAWA peptides are

FIGURE 6. PI3K signaling mediates Wnt signaling activation and osteo-
blast differentiation induced by �5�1 integrin priming in MSCs. Treat-
ment of mMSCs with cyclized peptides lacking the full RRET sequence
(GACRRTAWACGA or GACRETAWACGA, 70 �M) for 5 days increased the
expression of the phenotypic osteoblast marker alkaline phosphatase (ALP; A)
and Wnt regulatory genes (B and C), an effect that was attenuated by the PI3K
inhibitor (Inh) wortmannin (10 �M). Data are the mean � S.D. *, significant
difference (p � 0.05).

FIGURE 7. Peptide-mediated �5�1 integrin priming improves bone mass
and microarchitecture in senescent osteopenic mice. Systemic delivery of
(DSS)6-GACRETAWACGA for 6 weeks to SAMP-6 osteopenic mice tended to
increase P1NP levels (A) and significantly increased serum osteocalcin (OC)
levels (B) compared with the inactive peptide (DSS)6-GREGSP. This effect was
associated with increased trabecular bone volume (BV/TV; C) and trabecular
number (Tb Nb; E) and decreased trabecular separation (Tb Sep; F) with no
change in trabecular thickness (Tb Th) in femurs (D). Data are the mean � S.D.
(n � 7 mice per group). *, significant difference (p � 0.05).
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distinct, although seemingly overlapping (29, 60, 61). Phage
display studies revealed no degeneracy in the RRETAWA
sequence for integrin binding, suggesting that all amino acids
are important for binding (29). To determine the equivalence of
RGD and RRET sequences, we investigated the functional roles
of the RRET sequence in MSC adhesion and osteogenic differ-
entiation. We showed that cyclized peptides lacking the RRET
sequence partially displaced MSC adhesion on FN, indicating
that the RRET sequence is required for CRRETAWAC to fully
antagonize FN-mediated MSC adhesion. In contrast, peptides
without the full RRET sequence increased FAK phosphoryla-
tion to the same extent as cyclized CRRETAWAC, indicating
that the full RRET sequence is not essential for peptide-induced
�5�1 integrin signaling in MSCs. We thus investigated whether
the RRET sequence is required for osteogenic differentiation
induced by �5�1 integrin priming in MSCs. Our findings that
all cyclized peptides increased RUNX2 transcriptional activity,
RUNX2-dependent gene expression, and matrix mineraliza-
tion in mMSCs indicate that the full RGD-like RRET
sequence is not required for the osteogenic signals generated
by CRRETAWAC/�5�1 integrin interaction in these cells.

Several intracellular signaling pathways may be involved in
osteogenic differentiation induced by CRRETAWAC/�5�1
integrin interaction in MSCs. Notably, we previously reported
that �5�1 integrin priming by CRRETAWAC promotes mMSC
osteogenic differentiation through ERK1/2 activation (24) and
IGF2/IGFBP2 signaling (32). Here, we showed that peptide-
mediated �5�1 integrin priming increased Wnt/�-catenin
transcriptional activity in MSCs independently of the RGD-like
RRET sequence. The reason why the FAK and TCF/LEF signal-
ing responses were better in hMSCs compared with mMSCs is
unknown but may be related to a higher availability of free
ITGA5 in hMSCs. In non-skeletal cells, integrin activation
induces integrin-linked kinase phosphorylation, which in turn
up-regulates PI3K/Akt signaling, resulting in inhibition of
GSK-3� (62, 63). Consistent with this signaling cascade, we
found that peptide-mediated �5�1 integrin priming increased
PI3K/Akt phosphorylation in mMSCs. This effect was tran-
sient, however, compared with the expected long-lasting acti-

vation of Wnt3a in PI3K/Akt signaling in osteoblastic cells (56).
Moreover, we found that peptide-mediated �5�1 integrin
priming increased the levels of Dkk1 and Sfrp1, which are neg-
ative regulators of canonical Wnt signaling (57–59), consistent
with a negative feedback response to activation of Wnt signal-
ing (64). In mMSCs, the increased expression of Dkk1 and Sfrp1
induced by the peptides may have contributed to limit Wnt
signaling activation. Our finding that pharmacological inhibi-
tion of PI3K attenuated the stimulatory effect of the peptides on
osteoblast gene expression in mMSCs suggests a role for PI3K/
Akt signaling in the activation of osteogenic differentiation
induced by �5�1 integrin priming in MSCs. Thus, in addition
to ERK1/2 and IGF2/IGFBP2 signaling (24, 32), Wnt signaling
activation may contribute in part to osteoblast differentiation
induced by �5�1 integrin priming in MSCs.

On the basis of the stimulatory effect of the �5�1 integrin-
priming peptides on in vitro osteogenesis in mMSCs, we tested
whether this effect may translate into improved bone mass and
microstructure in SAMP-6 senescent osteopenic mice, a model
of skeletal aging characterized by decreased bone mass and
altered bone microarchitecture (50, 51). We selected the cy-
clized GACRETAWACGA peptide, which was the most effi-
cient in matrix mineralization by mMSCs in vitro, and linked
this peptide to (DSS)6 to ensure delivery of the peptide to
active bone-forming sites, as demonstrated previously in vivo
(46). Our finding that systemic delivery of (DSS)6-GACRE-
TAWACGA (which primed �5�1 integrin) increased the levels
of serum osteocalcin (which is expressed by mature osteoblasts)
suggests that the peptide increased osteoblast differentiation
independently of RRET-mediated cell adhesion. Moreover, we
found that this effect was associated with increased femoral
bone mass and microarchitecture in senescent osteopenic
mice, suggesting an anti-osteopenic effect. Although this pilot
study suggests a beneficial effect of this peptide on bone mass in
senescent osteopenic mice, more studies are needed to estab-
lish whether the delivery of �5�1 integrin-priming peptides
may fully prevent the altered bone mass and microstructure
that occur during aging. Given the lack of substantial side
effects observed, it may be possible to increase injection fre-
quency and/or peptide dosage to optimize treatment efficacy.
Further studies are also needed to determine the time course
changes in osteoblast and osteoclast parameters, as well as
dynamic histomorphometric parameters of bone formation
during treatment.

In summary, our data support a model wherein �5�1 integ-
rin priming by high-affinity ligands integrates Wnt/�-catenin
signaling to promote mesenchymal cell osteogenic differentia-
tion independently of cell adhesion mediated by the RGD-like
RRET sequence, a model that could be used to improve bone
mass and microarchitecture in the aging skeleton.
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